The binding of deoxyribonucleoprotein to Toluidine Blue, to cetylpyridinium chloride and to polylysine of various molecular weights was studied to determine the percentage of free DNA phosphate groups in deoxyribonucleoprotein. Binding was measured by addition of these reagents to deoxyribonucleoprotein at a range of concentrations such that complete precipitation of the deoxyribonucleoprotein occurred. With Toluidine Blue the binding corresponded to about 48% of the DNA phosphates in deoxyribonucleoprotein. The dye did not cause appreciable displacement of protein from the DNA. With cetylpyridinium chloride the binding corresponded to about 41% of the DNA phosphates. With polylysine preparations of molecular weight 1250 and 7790 the binding values for deoxyribonucleoprotein were 46 and 38% respectively. The results suggest that the free phosphates lie in stretches sufficiently long to accommodate most of each polylysine molecule. With polylysine of molecular weight 62000 cross-linking of free stretches of DNA on different deoxyribonucleoprotein molecules probably occurs. It is concluded that although most of the free phosphates are probably 'hidden' beneath covering histone, corresponding perhaps to runs of non-basic residues in the latter, they are surprisingly accessible to very large molecules. The relevance of this finding to the problem of gene repression is discussed.
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The binding of deoxyribonucleoprotein to Toluidine Blue, to cetylpyridinium chloride and to polylysine of various molecular weights was studied to determine the percentage of free DNA phosphate groups in deoxyribonucleoprotein. Binding was measured by addition of these reagents to deoxyribonucleoprotein at a range of concentrations such that complete precipitation of the deoxyribonucleoprotein occurred. With Toluidine Blue the binding corresponded to about 48% of the DNA phosphates in deoxyribonucleoprotein. The dye did not cause appreciable displacement of protein from the DNA. With cetylpyridinium chloride the binding corresponded to about 41% of the DNA phosphates. With polylysine preparations of molecular weight 1250 and 7790 the binding values for deoxyribonucleoprotein were 46 and 38% respectively. The results suggest that the free phosphates lie in stretches sufficiently long to accommodate most of each polylysine molecule. With polylysine of molecular weight 62000 cross-linking of free stretches of DNA on different deoxyribonucleoprotein molecules probably occurs. It is concluded that although most of the free phosphates are probably 'hidden' beneath covering histone, corresponding perhaps to runs of non-basic residues in the latter, they are surprisingly accessible to very large molecules. The relevance of this finding to the problem of gene repression is discussed.
It is generally assumed that in chromatin, proteins must be absent or displaced from the DNA at certain sites to enable transcription to occur. However, on the basis of model-building, Johns (1969) has pointed out that the super-helicity of the DNA rather than the presence of proteins may present a steric hindrance to RNA polymerase; also, the repression of transcription by proteins added to DNA in vitro may be related to the insolubility of the deoxyribonucleoprotein in the medium used rather than to any innately lower priming capacity of the DNA (Johns & Hoare, 1970) .
An approach to finding the role of the histones is to determine just what proportion of the DNA in deoxyribonucleoprotein they actually 'cover', by estimating the percentage of free DNA phosphates. Previous dye-binding studies on deoxyribonucleoprotein indicated that about 50% of the total phosphates was free (Klein & Szirmai, 1963; Miura & Ohba, 1967) ; this seemed surprising in view of the approximate numerical equality of the DNA phosphate and the histone basic groups. In the present work, the binding of the DNA phosphates of deoxyribonucleoprotein to Toluidine Blue and to the cationic detergent cetylpyridinium chloride was studied. Further, to enable an estimate to be made of the size of zones of free phosphates in deoxyribonucleoprotein, poly-L-lysine hydrobromide of various molecular weights was used. In the case of the dye, checks were made to find if there was any binding to the protein of the deoxyribonucleoprotein and if the dye caused displacement of the protein from the DNA. Parallel studies were carried out on the binding of Toluidine Blue, cetylpyridinium chloride and polylysine to free DNA.
The deoxyribonucleoprotein used here was prepared by a very mild procedure in the hope of obtaining material native in configuration and in composition. Previous studies had shown that the properties of the deoxyribonucleoprotein were reproducible, that its content of histone and nonhistone proteins was fairly constant, and that by the available criteria, it was native (Itzhaki, 1966a ,b,c, 1967 , Itzhaki & Rowe, 1969 (Itzhaki & Gill, 1964) .
General procedure. All manipulations were done at 0-4°C and all glassware used in the dye studies was Pyrex.
The binding of Toluidine Blue and polylysine was measured by addition to deoxyribonucleoprotein or DNA solutions at a range of concentrations such that the latter were completely precipitated; the difference between the amount of Toluidine Blue or polylysine added and that remaining in excess gave the amount bound. Addition of cetylpyridinium chloride to deoxyribonucleoprotein or DNA caused complete precipitation ofthe latter only at a very limited range of concentrations and binding was measured simply by finding the cetylpyridinium chloride/DNA ratio that gave maximal precipitation.
Experiment8 with Toluidine Blue. Toluidine Blue was determined from the E635, Elm at 635 nm being taken as 33200 (Michaelis & Granick, 1945 Supernatants from cetylpyridinium chloride-deoxyribonucleoprotein mixtures kept overnight before centrifugation and from those centrifuged immediately after 30min shaking had similar E260 values.
In the case of deoxyribonucleoprotein-cetylpyridinium chloride mixtures, it was necessary to centrifuge at 3000g for 15min to produce a clear supernatant. Since blanks of deoxyribonucleoprotein alone in buffer A occasionally gave gelatinous suspensions on centrifugation thus, but not deoxyribonucleoprotein in water, studies were made with deoxyribonucleoprotein and cetylpyridinium chloride in water. In the case of DNA, both reagents were dissolved in buffer A.
The eventual procedure was addition of cetylpyridinium chloride at a final concentration of 142,UM to deoxyribonucleoprotein at final DNA concentrations of 0.007-0.014%. DNA was used at similar concentrations, with cetylpyridinium chloride at 284,UM. The mixtures were shaken for 30min and were then centrifuged at 3000g for 15min. The u.v. spectra of the supernatants were then read.
Experiment8 with polyly8ine. (a) Determination of polylysine. Polylysine was determined by addition of excess of the anionic dye Methyl Orange (R. F. Itzhaki, unpublished work) . This dye reacts stoicheiometrically with and precipitates polylysine. The amount of unreacted Methyl Orange was found by measurement of E465 of the supernatant. A standard calibration curve relating E465 to the amount of polylysine added was obtained by preparing serial dilutions of polylysine from a stock solution containing a known weight of the material. Samples (2 ml) of the dilutions were each mixed with 2 ml of 1 mmMethyl Orange. The mixtures were shaken for 30 min during which time suspensions developed. After centrifugation for 15min at 400g, the E465 of the supernatants, containing excess of Methyl Orange, was measured after dilution in water. In the case of polylysine 1 and polylysine 2, the curve of E465 against polylysine concentrations decreased linearly up to about 250,uM-polylysine.
In the case of polylysine 3, the curve decreased linearly up to about 300utm-polylysine. In all cases the curves eventually became concave upwards; extrapolation of the linear part to zero E465 gave a value of polylysine concentration of 500tm, corresponding to 500,uAm-Methyl In the deoxyribonucleoprotein-polylysine or DNApolylysine mixtures, an excess of lysyl residues could be present either as wholly unbound polylysine molecules or as unused 'wasted' lysyl residues in polylysine molecules part of which were bound to deoxyribonucleoprotein or DNA. The former value was determined by adding Methyl Orange to the deoxyribonucleoprotein-polylysine or DNA-polylysine supernatant and the total excess of polylysine by adding Methyl Orange to an equivalent, but uncentrifuged, deoxyribonucleoprotein-polylysine or DNA-polylysine mixture.
The final procedure consisted of addition of 1 ml of polylysine at about 2 mm to paired 3 ml samples of deoxyribonucleoprotein at a suitable range of concentrations. Also, paired blank polylysine samples containing no deoxyribonucleoprotein were prepared. The mixtures were shaken for 30min and then one of each pair was centrifuged for 15min at 1500g. The supernatant was removed and E260 read to check that the deoxyribonucleoprotein had been completely precipitated. A sample (usually 2 ml) was mixed with 1 mM-Methyl Orange (usually 2ml). Also, the uncentrifuged paired sample was mixed with Methyl Orange (usually 4ml of each). The mixtures were shaken and then centrifuged at 400g. The E465 values of the supernatants due to excess of Methyl Orange were then read. The procedure was the same for DNA except that the initial polylysine concentration was usually about 4 mm and one of each pair was centrifuged for 15min at 12000g.
RESULTS

Addition of Toluidine Blue to deoxyribonucleoprotein
Metachroma8ia. At final Toluidine Blue concentrations in the range 30-500,uM, all the DNA precipitated at dye/DNA phosphate ratios above about 0.67: 1 and the peak wavelength of the supernatants remained at 635nm. At ratios between about 0.1:1 and 0.67:1 a very flat peak at about 595nm was seen. At ratios below 0.1: 1, a second peak was found at about 640nm. A similar 'blue shift', found in soluble complexes of dyes with synthetic polynucleotides, has been attributed to 'stacking' of dye molecules on adjacent phosphate groups (Steiner & Beers, 1961) whereas the 'red shift' has been attributed (Lerman, 1961) to intercalation of dye molecules between the base pairs of DNA.
Binding curves. At a final dye concentration of 20-30uM, the E635 of the supernatant decreased with increasing DNA phosphate concentration up to about 40Mm but the curve was concave upwards. At a final dye concentration in the range 80-500,UM, linear curves were obtained for dye/ phosphate ratios down to about 0.67:1. Fig. 1 (Miura & Ohba, 1967 Vol. 122 587 In three experiments with polylysine 1 and DNA (one shown in Fig. 5) (Itzhaki, 1970) . Tables 3 and 4 show results obtained on addition of polylysine 3 to deoxyribonucleoprotein and DNA respectively. The mean value of free phosphates is about 44% for deoxyribonucleoprotein and 104% for DNA. 1.14 1.13 chloride is that in its reaction with deoxyribonucleoprotein, the end-point is uncertain. Scott (1960) suggests that this is a sign of molecular heterogeneity. The fact that the endpoint is much less sharp for deoxyribonucleoprotein than for DNA, although both are presumably heterogeneous with respect to molecular size, suggest that the binding sites in deoxyribonucleoprotein are heterogeneous; this could relate to differences in distribution of histones on the individual DNA molecules.
Cetylpyridinium chloride, like Toluidine Blue, suffers also from the disadvantage that much of the molecule is hydrophobic; this might affect the choice of binding sites.
The present dye-binding results resemble those obtained by Klein & Szirmai (1963) who used a similar method for measuring the binding of Azure A to deoxyribonucleoprotein and DNA. Miura & Ohba (1967) used a filtration method for estimating the binding of Toluidine Blue to deoxyribonucleoprotein and DNA and obtained a correction for intercalated dye by measuring the thermal denaturation of the dye-DNA complex. In both cases, values of about 50% free phosphates in deoxyribonucleoprotein were obtained, no correction being made for protein-binding. The present value (corrected for trapped, but not for protein-bound dye) is slightly higher but this may be related to differences in composition of the deoxyribonucleoprotein used here from those preparations used previously.
In the polylysine study, the question arises as to whether all the free phosphates lie in stretches sufficiently long to accommodate the whole of each Vol. 122 589 'Wastage' of lysyl residues at polylysine/deoxyribonucleoprotein ratios remote from the neutralization point is probably due to competition between excess of polylysine molecules for the limited available sites. This would lead to only part of each molecule being bound. Near the point of charge neutralization, the absence of 'wastage' suggests that the competition decreases and that the whole of each molecule, at least of polylysine 1 and polylysine 2, is accommodated. If, instead, the free zones were smller than the length of the polylysine 1 and polylysine 2 molecules, in the absence of cross-linkage the whole ofeachmolecule could never be accommodated and 'wastage' would occur at all polylysine/deoxyribonucleoprotein ratios, contrary to the results obtained. The finding that mixtures ofDNA and polylysine 1 and polylysine 2 and also of ribosomal ribonucleoprotein and polylysine (R. F. by Methyl Orange (which reacts with arginyl residues as well as lysyl residues). Thus the 'titration' value for deoxyribonucleoprotein would still be valid.
As to the second artifact, the histone/DNA mass ratio here is such that on the average each histone must be attached very compactly to the DNA and those stretches containing the bulk of the acidic residues (Delange, Fambrough, Smith & Bonner, 1969) must presumably loop away from the DNA. Thus, ifpolylysine were to bindto most of theprotein anionic groups there would be appreciable 'wastage' oflysyl residues in the regions bridging the DNA and the acidic residues. However, the absence of 'wastage' near the point of charge neutralization argues against this.
The third artifact is unlikely in view of the value of 100% free phosphates obtained for DNA; if displacement occurred, the value would be lower.
The fourth artifact may occur but the sole estimation of unbound basic residues in the deoxyribonucleoprotein-histones amounted to only 20% of the total (Walker, 1965 Tsuboi, Matsuo & Tso (1966) suggested that polylysine is wound in the large groove whereas D. Carroll (personal communication) proposed that it lies in the small groove. Olins, Olins & von Hippel (1967) found by using models that it could fit into either groove.
COMMENTS AND CONCLUSION The fact that an appreciable proportion of the DNA in deoxyribonucleoprotein is accessible to molecules of a range of sizes appears at first to conflict with studies on the enzymic degradation of deoxyribonucleoprotein which indicate that not more than 10% of the DNA in deoxyribonucleoprotein is present as extensive truly free zones (R. F. Itzhaki, unpublished work). However, this can be explained on consideration of the probable arrangement of proteins on the DNA. The deoxyribonucleoprotein used here contains non-histone proteins as well as histones; however, the enzyme studies suggest that the former 'covers' little if any DNA. Discussion will, therefore, be limited to the histones. The distribution of basic residues in F2al histone, the sequence of which has been fully determined (and in the other fractions), is very irregular (Delange et al. 1969) . Model-building studies by Richards & Pardon (1970) Shih & Bonner (1970) have reported that RNA polymerase binds equally to DNA and to deoxyribonucleoprotein provided the latter is in a non-aggregated form; they suggest that histones may prevent the separation of the DNA strands thought to be a pre-requisite for transcription. This finding supports the present results in their implication that the role of the histones is other than that of simple gene repressors acting by 'covering' the DNA, thus preventing access of RNA polymerase. Note added in proof. Clark & Felsenfeld (1971) have very recently described experiments somewhat similar to the polylysine studies here and to the enzyme studies (R. F. Itzhaki, unpublished work) referred to in the Comments and Conclusion section. Their results suggest that about half the DNA in deoxyribonucleoprotein is completely free of protein, whereas the present studies indicate that most of the DNA is covered by, even ifnot bound to, associated protein. However, their main conclusion confirms the present one that the DNA in deoxyribonucleoprotein is remarkably accessible to large molecules.
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